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(from  French) 

Author's  summary:  this  report  presents  the  purpose  and  the  different 
stages  of  the  study  as  a  whole.  The  experimental  work,  calculations  and 
software  for  the  1st  part  are  described.  Tests  to  define  the  properties 
of  the  selected  adhesive  HYSOL  EA  9628  NW  and  joint  tests  were  carried 
out.  Calculation  methods  with  software  programmes  were  developed  and 
applied  with  the  finite-element  method.  A  study  of  the  elastoplastic 
field  was  undertaken.  It  will  be  continued  along  with  the  final 
characterisation  tests,  during  the  second  stage  of  the  contract.  f  ( 
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1.  Object  of  investigation 

The  purpose  of  this  study  is  to  develop  experimental  methods  for 
defining  the  mechanical  characteristics  of  adhesives  with  eiastoplastic 
properties  and  methods  of  calculation  for  analysing  the  behaviour 
of  and  the  dimensioning  factors  relating  to  bonded  joints.  Tests 
on  bonded  joints,  continued  until  adhesive  failure,  make  it  possible 
to  validate  the  general  model  used  for  this  study  by  verifying  that 
the  experimental  results,  gauge  measurements  and  failure  loads  are 
practically  identical  with  the  calculated  results. 

The  eiastoplastic  adhesive  selected  by  Sup-group  3  is  the  adhesive 
HYSOL  EA  9628  NW. 

This  study  thus  includes  both  experimental  work  and  calculation. 

-  Experimental  work 

.mechanical  properties  of  the  adhesive: 

The  mechanical  properties  stated  by  the  suppliers  are  generally 
incomplete.  Thus,  in  the  hypotheses  relating  to  pure  shear 
(case  of  tubular  assembly,  lor  example),  linear  characteristics, 
only  the  tests  in  the  ZWICK  torsion  meter  and  rupture  by  simple 
shearing  (DIN  or  F’rEN  test  pieces)  enable  us  to  find,  rapidly, 
the  shear  modulus  G  and  the  breaking  stress  with  pure  shear. 

Tn  the  general  case,  the  following  tests  are  necessary: 

*  tensile  test,  on  ’dumb-bell'  bars  -  measurement  by  gauges  (  ^  ) 
and  by  ex  tensoineter  (K):  -  f'  (  (£■)  V  r  h  \ 


compression 


* 

* 


-  P2  u  ) 

simple  shear  on  D.I.N.  or  PrEN  test  joints  =  Althof  extensometer 
t  =  g(Y) 


*  breaking  test  -  'slab'  type  test  pieces 

*  loading  -  unloading  cycles  (dumb-bell  test  pieces) 

*  effect  of  polymerisation  and  temperature  (different  kinds  of 
adherend) 


Also,  if  necessary,  these  characteristics  should  be  determined  as 
a  function  of  the  temperature,  ageing,  humidity  and  various  environ¬ 
ments  . 


.mechanical  characteristics  of  adherends 

The  properties  of  metals  are  generally  known.  On  the  other  hand, 
it  is  sometimes  necessary  to  characterise  the  composite  materials 
for  these  have  special  features.  Thus,  in  crossed  fibres  (4^°  approx) 
the  composite  material  is  non-linear  because  of  the  predominance  of 
the  matrix.  These  materials  may  peel  off  (1st  layer  near  the  joint). 
They  have  edge  effects.  Local  deterioration  may  occur  with  a  sudden 
decrease  in  rigidity. 

.tests  on  bonded  joints 

In  order  to  confirm  the  validity  of  the  model  used  for  the  study  we 
carry  out  tests,  continued  to  failure,  on  bonded  joints.  In  these 
testa,  we  vary  the  main  adhesion  parameters  (thicknesses,  overlap, 
nature  of  adherends,  geometry  ...).  If  the  calculated  and  measured 
values  (stretching,  breaking  forces)  are  well  correlated,  we  consider 
that  the  model  is  applicable  for  the  dimensioning  of  the  bonded  joints. 
This  model  involves  several  stages  in  which  principal  characteristics 
are  considered  on  the  basis  of  increasing  difficulties, 

-Calculation 

Two  types  of  methods  wore  developed: 

.methods  peculiar  to  bonding.  These  allow  rapid  definition.  Simplified 
methods  give  an  analytical  solution  in  the  case  of  the  linear 


behaviour  of  the  material,  shear  stresses  alone,  and  simple  shear 
(identical  aiherends,  normal  stresses  and  shear  stresses). 

The  methods  relating  to  non-linear  characteristics  give  numerical 
solutions  resolved  by  finite  differences.  The  simplification  is  based 
in  the  mono-dimensional  sub-division. 

.  The  finite  element  method.  The  mesh  is  two-dimensional  or  three- 
dimensional  (lot  of  calculation).  The  difficulty  in  preparation, 
prodeedure  and  application  arises  from  the  very  fine  mesh  due  to 
the  very  smal  thickness  of  the  joint  (0.08mm)  and  to  the  effects 
of  the  free  edge. 

The  study  peculiar  to  bonding,  includes  the  following  aspects: 

-  characteristic  relationships  in  a  non-linear,  elastic  material, 

-  plasticity  conditions,  loading  -  unloading  -  loading  (cycles), 

-  criteria  for  failure. 

This  study  is  based,  particularly,  on  the  experimental  work  defined  in 
the  previous  paragraph: 

.  (pure)  tensile,  compression  and  shear  tests, 

.  relaxation, 

.  failure  under  the  effect  of  compound  stresses. 

An  adhesive  behaves  differently  from  the  classic  orthotropic  metall  c 
materials.  The  VON  MTSRS-I1II.1.  laws  are  not  applicable.  Some  authors 
(ISIIAT,  RAGilAVA)  have  established  special  relationships. 


Section  1  presents  a  synthesis  of  the  objective  of  the  study  as  a  whole. 
The  following  paragraphs  describe  the  experimental  work  a’ d  calculations 
with  the  main  results  obtained  in  the  course  of  the  study  relating  to 
this  first  contract. 

■Summary  of  work  programme  and  of  the  distribution  fo  functions  in  Sub¬ 
group  5  -  First,  contract. 

The  notes  AQKN  No.  1  b  50‘)  of  V’ /  i/H'a  and  No.l'/Hdb  of  Jb/d/oh  give  the  work 


programmes  of  Sub-group  ): 


3-1  Experimental  work 


■•.1.1.  Bibliography  -  AEROSPATIALE- AQUITAINE  (AQ). 

-  methods  of  defining  physico-mechanical  properties  of 
adhesives . 

-  Principal  adhesives  -  Known  mechanical  characteristics 
( suppliers  etc . . . ) 

2.1.2.  Characteristics  of  the  adhesive. 

-  measurement  of  flow  :  AQ. 

-  adhesive  alone. 

.  making  the  test  pieces:  AQ. 

.  complete  characterisation  in  tension  :  AQ. 

Measurements  by  D.M.A.  (dynamic)  of  E  modulus:  AEROSPATIALE 
LES  MUREAUX  (MU). 

-  adhesive  with  adherends in  simple  shear 
I.G.C.  0426101  B  :  AQ. 

P.r.E.n  :  2243-6  : 

Making  the  test  pieces  :  AQ. 

Tests  :  AQ-MU. 

2.1.3.  Test  pieces  studied. 

.  Designs  and  experimental  plan  for  test  pieces  :  AQ. 

.  Making  the  test  pieces  :  MU. 

.  Tests  :  E.N.S.T.A.  -  AQ. 

2.2  Calculations 


2.2.1.  Ecole  des  Mines  se  Saint-Etienne . 

Development  of  a  mixed  element  (stresses  -  displacements)  of 
an  interface  and  software  for  application. 

2.2.2.  AQ. 

-  Methods  peculiar  to  bonding  -  development  of  software 
programmes . 

-  application  of  the  classical  finite  -  element  method. 

-  Calculation  for  a  test  piece  in  common  with  Sub-group  3. 
Method  with  finite  elements  and  software  LIC08. 

The  detailed  calculated  results  relating  to  stresses  in  the 
adhesive  and  extensions  in  the  external  surface  of  the 
external  ndherendo  are  presented  in  this  note.  The  Ecole  des 
Mines  de  St  Etienne  will  compare  them  with  its  calculated 
results  and  the  E.N.S.T.A.  with  its  values  measured  by  gauges 
(all  in  mm). 


-  non-linear  calculation  of  a  test,  piece  (code  N,  except 
L  =  7.5mm).  Software  programmes  LIC081  (Raghava's  theory) 
and  82  (Ishai's  theory).  Preliminary  results. 

5.  Experimental  work 

Adhesive  selected  :  Hysol  EA  9628  NW  class  120-130°C. 

2  ? 
mass  per  m  :  EA9628  NW  (supported)  :  300g/M  . 

:  EA9628  UNS  (non  supported)  :  150g/m^. 

Polymerisation  cycle  :  1  h  at  120°C. 

3- 1  Defining  the  properties  of  the  adhesive 

3.1.1  Measurement  of  flow 

Its  purpose  is  to  determine  the  viscosity  of  the  adhesive 
at  the  start  of  polymerisation  and  thus  its  characteristics 
as  to  the  wettability  of  the  adherends.  We  used  non¬ 
supported  film  ( EA9628  UNS)  in  accordance  with  I.G.C. 

0426  101  B,  method  6,  and  in  accordance  with  the  cycle 
recommended  by  the  supplier.  The  tests  were  carried  out 
at  ambient  temperatures,  at  the  time  the  material  was 
taken  out  of  storage:  18°C,  then  after  15  days,  to  demonstrate 
the  effect  of  aging.  The  results  are  practically  identical, 
ie  80#  flow. 

3.1.2  Adhesive  alone 


Sheets  of  adhesive  were  made  by  stacking  films  into  a 
special  apparatus.  After  polymerisation,  dumb-bell  test 
bars  NFT  5103;l  wore  machined.  The  aging  was  studied. 

The  dumb-bell  test  pieces  were  fitted  with  mechanical 
extensometers  and  strain  gauges.  They  were  subjected 
to  tensile  tests  (to  failure).  Measurements  obtained 
with  gauges  and  with  extensometers  differ  only  slightly. 
Although  usually  less  precise,  the  measurements  by  gauges 
are  nevertheless  necessary  in  order  to  measure  Poisson’s 
coefficient.  The  stress-deformation  curve  was  related 
to  the  ambient  temperature. 


Section  2:  definition  of  the  test  pieces,  tests  and 
principal  results  obtained. 


Section  3;  influence  of  aging  of  the  film,  at  ambient 
temperature,  before  sheets  are  made. 

Section  4 ;  stress-deformation  curve  ’•(%.-/)  .  By 

way  of  information,  we  include  the  results 
obtained  by  the  Central  Laboratory  of  AEROSPATIALE 
(DCQ/L).  The  AQ  and  DCQ/L  results  are  comparable. 

Section  5‘-  extract  from  report  of  AQEN  test  No.  11044 

of  21/5/86,  obtained  with  mechanical  extenso- 
meter  on  test  bar  1-3. 


For  each  of  the  3  batches  (without  aging,  with  5  days’ 
aging  and  with  30  days'  aging,  7  test  pieces  were  examined 
ie  a  total  of  21. 


Each  test  piece  was  fitted  with  2  directional  gauges  on 
each  surface  and  with  one  mechanical  extensometer. 

Section  6:  influence  of  aging  in  the  polymerised  adhesive. 

The  aging  conditions  are  as  follows:  T  =  60*C, 
relative  humidity  =  98%,  test  period  =  450  hours. 
The  dumb-bell  test  pieces  were  then  given  a 
tensile  test  (to  failure).  We  compare,  at 
different  temperatures,  the  results  of  tests 
with  and  without  aging  (communicated  by  DCQ/L). 


Furthermore,  a  torsion  test  on  the  polymerised  adhesive  was 
carried  out  with  the  ZWICK  torsion  meter  (DCQ/L).  It 
was  found,  with  ambient  temperature,  that  G  =  820  MPa. 

It  is.  possible  to  vary  the  test  temperture. 


3.1.3  Adhesive  with  adhorends,  in  simple  shear 


-  Test  piece  ICC  0425101  B. 

This  test  enables  us  to  determine,  by  rupture,  an  average 
shear  stress  in  use  (in  the  conditions  for  the  cst 
piece).  The  failure  is  produced  by  the  superimposition 
oT  shearing  and  tensile  or  compression  stresses.  This 

test  enables  us,  economically,  to  check  the  quality  of 
^^j^|||!|l^^j^g^^^ii|^UBredrin.,industry.  A  bonded  panel 


Lot  5213 


=  39,'!  ±  2  MPa. 


Teats  at  80  C  (DCQ/'L)  showed  a  decrease  of  20% 

-  Test  piece  Pr.E.n.  Test  report  AQEN  No  11048  of  26/5/86. 

This  test  piece  corresponds  with  a  draft  European  standard. 

The  test  on  it  makes  pure  shear  possible,  especially  if 
the  adhesive  is  ductile. 

Section  7:  definition  of  experimental  results. 

The  values  obtained  are  not  too  decisive  for  this  test  piece 
is  still  being  studied  (manufacture).  However,  these  tests 
showed  the  effect  of  a  rough,  milled  surface. 

-  Test  piece  D.I.N 

This  test  piece,  similar  to  the  P.r.En,  test  piece,  allows 
pure  shear.  We  intended  to  equip  it  with  the  Althof 
extensometer  developed  by  E.T.C.A  with  the  collaboration 
of  DCQ/L .  This  apparatus  provides  the  stress-deformation 
more  in  pure  shear. 

Sections  8-9-10:  preliminary  tests  (DCQ/L) 

At  ambient  temperature  t^  =  61  MPa  the  deformation  at  break 
is  very  great. 

3 . 2  Double  lap  3hear  test  pieces,  type  PCQ  006/04 

Their  purpose  is  to  validate  the  experimental  methods  used 
for  defining  the  properties  of  adhesives  and  the  software 
for  the  calculations.  We  vary  the  bonding  parameters. 

Section  11:  Definition  of  test  pieces  and  how  they  are  used. 

The  tests  on  the  test  joints,  code  N  (nominal  test  piece) 
and  l,  (length  of  lap)  were  developed  at  AQ.  The  thickness 
of  the  bonded  Joint,  on  each  outer  adherend  was  measured.  Two 
strain  gauges  wore  placed  on  each  external  surface  of  each  outer 


adherent!  at  x  =  J  and  x  =  1  (loaded  «r. d  of  the  bonded  length). 
The  high  cost  of  the  gauges  meant  that  w«  could  not  use  them 
throughout  the  entire  length,  especially  near  the  free  end, 
with  slight  deformation,  and  thus  more  difficult  to  deal  with, 
(load  increase  at  breaking  point  :  2mm/mn. 

The  following  table  gives  the  principal  results.  With  3  test 
pieces  of  each  type,  we  find  very  slight  dispersion  in  the 
results . 


Test 

piece 

dimensions 

thickness 

surface 

Failure 

average 

of  bond 

of  bond 

area  of 

Load 

stress  at 

•  length  x 

(mm) 

bond  ( mm2 

}  (N) 

break  (MPa) 

length 
of  bond 

No. 

width  (mm) 

(mm) 

......  ...  - 

facel  face2 

1 

N1 

12.49x25.1 

0.083  0.067 

313.5 

23200 

37 

12.5 

N2 

13.18x25.1 

0.075  0.067 

330.8 

24300 

36.9 

N3 

12.71x25.05 

0.083  0.067 

,  318.4 

23600 

37.1 

LI 

25.44x24.99 

0.075  0.075 

635.7 

29000 

22.8 

25 

L2 

25.18x24.98 

0.075  0.083 

629 

29500 

23.4 

L3 

25.31x24.98 

0.075  0.075 

632.2 

29000 

22.9 

Sections  12-13- 

14:  extract 

from  test 

report  AQEN  No, 

.11104  of 

17/9/86. 

We  see  that  there  is  very  good  linearity  in  the  gauge  measure¬ 
ments,  in  relation  to  the  load,  up  to  about  80%  of  the  break. 
Thereafter,  the  deformations  .increase  more  rapidly  than  the 
stress  applied. 

As  the  gauges  are  placed  on  the  external  surrace  of  the 
outer  adhorentlB ,  we  record  the  effects  of  tension  and  of 
bending  in  the  elastic,  and  then  the  plastic  regions  of  the 


ndhn rends . 


These  effects  are  due  to  the  integration  of  the  normal  and 
of  shear  stresses  distributed  from  the  bonded  joint.  The 
joint  becomes  plasticised  in  its  thickness.  Micro-cracks 
may  appear.  However,  the  gauge  at  x  =  J  is  linear  up  to 

80$  of  the  break  and  does  not  show  any  appreciable  overall 

loading  of  the  joint  from  x  =  0  to  x  =  }. 

The  linear  calculation  is  shown  in  ^  4  (test  piece  code  N). 

In  the  second  contract,  after  the  complete  characterisation 
of  the  adhesive,  a  non-linear  calculation  (laws  governing 
behaviour  of  adhesive  and  adherends,  large  displacement) 
will  be  presented  in  order  to  provide  a  complete 
interpretation  of  the  test  results. 

Calculation  relating  to  software 

The  adhesives  behave  in  a  special  way,  compared  with  metallic  materials. 
We  must  establish  the  failure  criterion  and,  in  the  most  frequent  case, 
notably  that  of  HYSOL  EA  9628,  in  the  non-linear  field,  the  law  of 
flow  (longitudinal  modulus  of  elasticity  and  Poisson's  coefficient) 
as  a  function  of  the  stress  and  deformation  conditions.  An  adhesive 
presents  different  curves  representing  stress-extension  in  pure  tension 
and  in  pure  compression.  Furthermore,  we  must  establish  the  law  of 
strain  hardening,  loading  -  unloading,  for  even  a  constant  increase 
in  the  external  loads  may  cause  local  unloading.  Finally  the  local 
degradation  caused  by  micro-cracks  may  be  considered.  These  phenomena 
appear  systematically  in  the  loading  cycles,  when  the  elasticity  limit 
i3  exceeded. 

The  thickness  of  an  adhesive  is  very  small  compared  with  its  other 
dimensions  and  the  dimensions  of  the  adherends.  Its  properties  may 
be  influenced  by  this  low  thickness.  The  adhesion  must  be  good,  so 
that  the  bond  strength  of  the  adhesive  will  be  greater  than  the  cohesive 
strength . 

The  external  environment  may  reduce  the  adhesive  in  a  bonded  joint 
ie  the  humidity,  corrosion  in  the  suports,  aging  etc. 

Hot  curing  with  adherends  that  are  thermally  different  creates  a  thermal 
lending  with  a  first  cycle  of  "tress. 


joint.  These  have  a  free  edge  and  thus  the  stresses  on  the  external 
surface  are  nil  (shear  and  normal  along  with  x).  In  this  region,  the 
stress  gradients  and  the  stresses  are  high. 

These  various  remarks  show  that  it  is  necessary  to  characterise  an 
adhesive  completely  (especially  when  it  is  very  ductile  (EA  9628). 

Now,  preliminary  results  obtained  with  pure  shear  tests  were  reported 
to  us  on  completion  of  this  first  contract.  Consequently,  linear  methods 
were  developed  and  applied,  and  then  the  non-linear  study  was  started 
and  preliminary  tests  were  carried  out. 


Note  on  the  non-linear  theories  ^elating  to  adhesives 


The  theories  of  Ishai  and  Raghava  were  established  on  the  basis  of  3  tests  - 
tensile,  compression  and  shear.  In  these  theories  we  transpose  the 
compression  and  shear  to  the  tensile  characteristics  alone,  taking  into 
account  the  isotropic  component,  the  octohedral  stress  and  verifying 
the  physical  measurements.  At  present  we  have  no  pure  compression  test 
(tubular  test  piece).  Furthermore,  a  shear  test  on  the  bulk  adhesive 


(torsion  of  a  tube)  would  be  desireable,  because  we  are  using  bulk 
tension  data  with  film  shear  data.  We  obtained^  ^  =  49.8  MPa,  —  = 

61  MPa.  The  film  shear  strain  to  failure  is  very  high  (Sections  8-9- 


10).  The  overall  tensile  strain  (between  reference  works)  is  much  less 


than  the  strain  in  the  yielded  part. 


A  supplementary  investigation  is  therefore  necessary  in  order  to  deter¬ 
mine  the  reference  extension  at  brock  and  in  order  to  develop  the 
software . 


Ishai’ s  theory: 


< 


■3  oi- ,  x 


od 


ov'-TfiK  97-3  MPa.  The  adhesive  llyscl  EA9628  is  at  the  limit  of  this 
theory's  application. 


In  order  to  apply  and  compare  the  results  of  the  2  theories  ( Ishai* s 
and  Raghava* n),  we  make  2^  =  96  MPa  (instead  of  61  MPa).  We  calculate 
the  compression  stress  at  break  by  Raghava* s  theory  ie: 


)  k  9  hfk 


•  1  Methods  peculiar  bo  bonding 

In  these  methods  (apart  from  LIC07),  the  loading  is  mechanical 
and/or  thermal.  Several  successive  phases  may  be  considered. 

The  adherends  are  different. 

•  1 . 1  Hypothesis  of  only  shear  stresses  in  adhesives 

These  software  calculations  can  be  applied  to  tubular 
bonds  for  the  circumferential  rigidity  prevents  deformation 
pcrpendiculr  to  the  joint,  the  normal  stresses  being 
very  slight.  There  are  also  special  cases  (outer 
adherends  of  negligible  rigidity  in  double  shear). 

a.  Constant  thickness 

-  linear  behaviour  of  materials. 

analytical  solution.  LIC01  very  rapid  procedure. 

-  non-linear  behaviour  of  adhesive. 

solution  by  finite  differences:  method  by  recurrence 
L1C02  -  rapid  procedure. 

b.  Variable  thickness  of  substrata  -  non-linear  behaviour 
of  materials.  Solution  by  finite  differences. 

-  without  defect.  LIC03. 

-  local  fracture  -  test  pieces  S.I.N  or  P.R.E.n  L1C04 

-  with  defects.  LIC06. 

l\  .1.2  Hypothesis  of  normal  stresses  and  shear  stresses  in 
adhesive 


a.  Double- joint  bonding.  Elasto-plastic  behaviour 
of  adhesive. 

Laws  of  flow  and  cold-hardening.  Failure  criterion. 
Simplified  case  -  LIC08. 

Preliminary  studies. 

-  Reghava's  theory  -  LIC081 . 

-  Isiial's  theory  -  L.IC082 . 

b.  Single-Joint  bond. 

-  Identical  adherends  -  linear  behaviour  of  material  - 
large  bonding  displacement  -  mechanical  loading 
alone  -  LIC07. 


-  general  case  -  preliminary  theoretical  study. 

AdjsJ .  Lcation  of  the  finite  clement  method  (classic  elements) 

-  linear  calculation  -  application  of  test,  code  N  (software 
SAMCFF ) 

This  method  is  very  general  for  we  can  apply  it  to  all  types 
of  bonding  and  structures.  We  thus  find  3  types  of  structures 
and  2  types  of  calculation: 

-  two-dimensional  calculations: 

.  plane  calculations  -  hypotheses  of  plane  condition  of 
deformation  and  plane  condition  of  stresses. 

.  axisyrnmetrical  calculations. 

-  three-dimensional  calculations  without  special  conditions, 
along  the  3rd  direction. 

The  finite-element  method  enables  us  to  model  the  adjacent 
zones  in  a  single  calculation  or,  with  a  2nd  successive 
calculation,  examine  the  bonded  zone  in  fine  detail. 

The  non-linear  option  available  at  present  takes  account  of 
large  displacements  and  involves  the  laws  governing  the  behaviour 
of  classic  materials  (the  Von  Mises  criterion)  or  orthotropic 
composite  materials  with  possible  deterioration.  On  the  other 
hand,  the  behaviour  peculiar  to  an  adhesive  (Ishai,  Raghava  etc 
criteria)  arc  not  at  present  available  for  the  formulation 
and  data  depend  essentially  on  the  characterisation  tests. 

The  loads  applied  are  static,  dynamic,  thermal.  Modelling 
is  very  precise  in  the  zones  showing  stress  gradients  and  great 
stress  (ends  of  bond).  In  the  plasticity  option,  these  zones 
ore  geometrically  extended  and  detailed  modelling  is  more 
important.  Also,  the  free  edges  of  the  bonds  create  singularities 
which  must  bo  limited  by  the  modelling. 

In  this  first  contract,  a  linear  calculation  was  carried  out. 

For  that,  a  test  piece  common  to  Sub-group  3  was  developed 
with  its  geometrical  and  physical  data,  in  order  to  compare 
the  results  calculated  with  the  software  of  the  finite-element 


Also,  the  common  test  piece  is  the  test  piece  for  studying  the 
effects  of  double  shearing  (code  N) .  Thus  the  theoretical  results 
compared  with  each  other,  are  likewise  compared  with  the  experi¬ 
mental  measurements  obtained  with  gauges  (in  the  linear  zone). 

4*2.1.  Definition  of  the  common  test  piece. 


Note  AEROSPATIALE  S/DT/S2  n°  19042  of  13/10/86 


y 

‘Y  y  V////////A 

fO 

-*■>  a  a  1 

“ 

3  N/mm 

odhesifiesM 

- - 1  ,,  1 

.  j  x  1  V//////M 1 

Width  of  test  piece  :  25mm 

Adhercnds :  A-U4G1  plate,  A5  condition  T3  E  =  72500  MPa 
V  =  0.3 

Adhesive  :  Hysol  EA  9628  NW  E  =  2000  MPa  =  0.4. 

4.2.2.  Modelling  -  conditions  at  limits. 

Axisymmetrical ,  isoparametrical  toric  volume  elements. 

Plane  deformation.  Triangular  section  :  no. 26  -  quadrangular 
section  :  no. 15. 

Degree  of  the  2  fields  of  displacement  :  2 

Number  of  elements  :  1371 

Number  of  degrees  of  freedom  :  8435 

Number  of  nodes  :  1464  Number  of  interfaces  :  2834 

For  reasons  of  symmetry,  half  of  the  sample  is  represented 
and  the  data  are  produced  on  VA  of  the  test  piece. 

The  conditions  at  the  limits  are  as  follows: 

-  no  displacements,  along  y,  nodes  and  interfaces  along  x 
axis. 

-  impaction  of  ends  with  application  of  force:  F  *  50  N/mm 
(total  force!  100  N/mm) 


plate  15:  mode  lisa  t  Ion  -  conditions  at  limits 
plate  16:  precise  modelisation  at  ends  of  bond  -  -.s-.-cnanl cal 
data. 

computer  :  IBM  3081  duration  CPU  :  4  mn  37s 
4.2.3  Besu Its 


a.  numerical 

From  the  print-out  the  following  values  for  the 
bonded  joint  are  shown,  at  the  surface  of  the  central 
adherend,  at  the  surface  of  the  outer  adherend 

and  at  the  mid-plane  of  the  adhesive: 
x  ac  a*.  O'  o-  y 

plate  17:  -6.25  mm  4  x  <'  0 
plate  18:  0  <■  x  £  6.25  mm 

b.  graphs  -  stresses  in  the  bonded  joint  -  variation 
along  the  x-axis. 

plate  19: 
plate  20:  £ 

c.  Colour-variation  of  results  in  cross-section  of  joint. 


results 

photographs 

models 

1,  2,  3,  4 

displacement:  x,  y 

5 

stresses:  <XA  ,  ,  °i 

joint 

6,  7 

adhesive  alone 

8,  9 

4 . 3  Application  of  the  method  peculiar  to  bonding  -  common  test  piece. 
Linear  calculations  -  LIC081  software. 

With  this  software,  the  preparation  of  the  data  and  analysis  of  the 
numerical  and  graphical  results  arc  very  rapid.  The  length  of  time 


depends  on  the  computer.  With  HP  85,  the  number  of  points  is 
limited  (17)  and  the  period  required  for  one  step  is  20  mn. 

Plate  21  :  Data  and  results  (units  :  mm,  N). 

k  —  n  of  point. x  :  abscissa  of  point.  Y  :  shear  stress  (plane 
of  bonded  joint) . 

Z  :  tensile  stress  (+)  or  compressive  stress  (-),  perpendicular  to 
the  plane  of  the  joint.  1  :  equivalent  tensile  stress  (L1CC81  : 
Raghava's  criterion  ;  LIC082  :  Ishai's  criterion).  5  :  safety 
coefficient. 

It  is  evident  that  this  is  in  good  agreement  with  the  finite-element 
method.  * 


4.4.  Comparison  of  theoretical  and  experimental  results  (linear  zone, 
close  to  origin) 

The  test  pieces  subjected  to  double  shearing  were  fitted  with  strain 
gauges  (direction  x)  on  the  exterior  surfaces  of  the  outer 
adhcrends.  The  AQ  test  pieces  had  4  gauges  at  x  -  0  and  at  the 
abscissa  of  the  free  end  of  the  central  adherend.  The  E.N.S.T.A. 
test  pieces  had  30  gauges  distributed  between  x  =  -5.89  mm  and 
x  =  10.65  mm  (code  C  or  N).  E.N.S.T.A.  asked  to  be  informed  of  the 
theoretical  values  of  the  relative  extension  in  order  to  compare 
these  with  its  experimental  findings  (note  ENSTA/LME/GCC  no  6950  of 
14/11/86)  The  theoretical  values  are  calculated  in  the  middle  of 
each  element  and  particularly  at  x  =  0  and  x  e  6.25  mm,  in  order  to 
compare  them  with  the  experimental  results. 

Plate  22  :  theoretical  relative  extensions  -  numerical  values. 
-6.25<V<6.25  mm  (bonded  zone)  *  100  N/mm 
Special  Interpolated  valueB  : 

x  =  o ..  eK=  0.02019  %  x  «  6.25  mm  i  £ x  ■  0.03843  % 


Plate  23  ;  vairation  along  x. 

We  compare  the  theoretical  and  experimental  results  obtained  by  AQ, 
in  plates  12,  1'j,  14.  Along  with  the  recorded  test  results  (code 

M1-N2-N3)  we  have  drawn  (graph)  the  theoretical  relative  extension 
(linear  with  the  load).  There  is  good  agreement  with  the  test  pieces 
Nl.  With  the  test  pieces  N2  and  N3,  the  difference  with  regard  to 
gauges  7  and  9  (x  =  0)  is  slight  and  the  difference  relating  to  gauges 
8  and  10  (x  =  6.25),  although  slight,  is  more  marked. 

In  order  to  analyse  those  slight  differences,  in  particular  the 
differences  between  the  test  pieces  themselves,  a  detailed  examination 
would  be  necessary.  Measurement  of  E  and  of  supports, 
thicknesses  etc  . . . 

The  following  table  shows  the  relative  ex  tension ^  for  6.25  x  12mm 
(request  from  ENSTA).  As  the  £*  variation  is  slight,  the  representative 
curve  has  not  been  plotted. 


X 

( mm ) 

6,2625  1 

6 ,2875 

6,3125 

6,3375 

6,38/5 

6, 4625 

6,675 

7,125 

7,8 

8,8 

10,2 

12 

979 

1029 

1079 

1129 

1179 

1229 

1279 

1329 

1379 

1429 

1479 

1529 

30,59 

30,52 

30,96 

30, 'to 

30,29 

30,12 

29.76 

2935 

29,29 

29,40 

29,55 

_ - 

29 

(  MPa ) 

9,178 

9,159 

9,1-41 

9,123 

9,089 

9,041 

8,93 

8,808 

8,786 

8,82 

8,866 

8,925 

3 , 867 

— 

3,830 

3,823 

8,815 

3,801 

3,78 

3,735 

3,683 

3,6/6 

3,69 

3,709 

3,734 

. _ i 

3.5  Method  peculiar  to  bonding  -  example  of  non-linear  calculation. 
LlC 081  -  82  software. 


Ln  order,  in  this  first  contract,  to  tackle  the  non-linear  field, 
a  preliminary  investigation  of  the  software  was  carried  out.  The 
law  of  flow  and  the  failure  criterion  were  defined  in  accordance  with 
the  theories  oif  Haghava  (I.IC081)  and  Ishai  (I.IC082).  The 
dcstressing  is  considered  t.o  be  linear  with  the  tangent  modulus  in 

the  origin.  We  made  O'  -  '19.H  MPa  <3  189  MPa.  This  value 

c,A  c,/? 


Cr 

appears  low  (unfavourable  hypothesis)  but  the  tests  have  not 
yet  been  carried  out. 

The  theoretical  test  piece  conforms  to  the  common  test  piece 
(code  N)  except  for  the  length  of  the  joint  L  =  7.5  mm  (instead  of 
12.5  mm)  for  the  number  of  points  is  limited. 

Plate  24  :  Deformation  records,  tensile  stress,  Poisson's  coefficient 
(PO  :  LIC081)  and  C^/cT^ Pi  :  LIC082) 

Plate  25  :  LIC081 

Plates  26-27  :  LIC082 

We  observe  plastif ication  towards  the  end  x  =  0  for  the  shear 
stress  is  not  so  great  of  tension  )  as  it  is  in  the  case  of 
x  =  7.5  mm  (CT of  compression).  A  fuller  investigation  should 
reveal  greater  plastification  and  a  higher  work  to  failure  (extension 
at  breaking  point  and  (7^  ^  both  greater). 

5.  CONCLUSION 


This  first  contract  has  enabled  us  to  increase  our  knowledge  of  the 
behaviour  of  adhesives  and  bonded  joints.  The  great  diversity  in  the 
characteristics  of  adhesives  enables  us  to  use  them  in  the  most 
effective  way  in  accordance  with  specifications.  This  study,  on  the 
subject  of  elasto-plasticity ,  with  the  adhesive  HYSOL  EA  9628  NW  is 
the  most  extensive  for  it  involves  non-linear  calculations. 

The  experimental  methods  used  for  defining  mechanical  factors  have 
been  established  and  a  large  number  of  tests  have  been  carried  out. 
The  effects  of  aging  have  been  demonstrated.  The  variation  in  the 
experimental  results  is  slight. 

Software  programmes  peculiar  to  bonding  with  their  hypotheses,  have 
been  developed  and  then  applied  with  the  finite-element  method 
(linear  calculations).  In  the  linear  field,  we  found  that  there  was 
good  agreement  between  the  theoretical  and  experimental  results. 


!.n  the  second  investigation,  the  definition  will  be  completed  (Althof 
extcnsomoter,  relaxation,  failure  criteria)  tests  will  be 
carried  out  on  bonded  (adhesive)  joints  with  adherends  of 
composite  material  and  with  variable  thicknesses. 

The  software  will  be  developed  in  the  non-linear  field  with 
the  complete  data  for  defining  the  properties.  The  calculations 
relating  to  application  will  make  it  possible  to  compare  the 
theoretical  and  experimental  values  as  regards  rupture. 

We  shall  thus  have  experimental  means  at  our  disposal  (in 
agreement  with  DCQ/L)  and  also  theoretical  means,  in  order  to 
define  and  study  all  types  of  adhesives,  adherends  adn  joints, 
subjected  to  all  the  usual  stresses  (mechanical,  thermal,  cyclic, 
aging  etc  . . . ) 
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EA9628  traction  on  dumbbell  test  piece  MKT  51034 


PL  2 


section  :  10.2  x  3.2  (mm)  nature  of  film  :  with  support  (NW)  300  g/m* 


ref. 


condition 


film  taken  from  stock  (-18°C),  then  plate  made 


film  kept  for  15  days  at  T  ,  then  plate  made 

a 


film  kept  for  30  days  at  T  ,  then  plate  made 

a 


test 

piece 
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S  =  1  . 0004942823  R  = 

7 . 1 8831 60 1 307E-4  G  = 

5  41125541125  E=  15.1515151515 

K  c  N 

Y=  45  9155266384  2= 

-14  980226478  6  =  1  .  3290890652 1 
R=-7  29025433397E-4  U6^ 
37.4692722282  W8=-34  953061792 
P  =  0 

G-  432.098765432  E= 

1209  87654321  Y(HM)  = 

8. 13825893415  Z(H+1)= 

1 .03262566626 


F=  200  C6«  20 


K«l 

Y ( 0 ) -  5.22529934632  Y= 
33.434754443  2=  15  1716292711 
W6  =  49.7605999594  U8= 
35.4004659658  F=  49  7753969022 
S*=  1  .  00079197292  R  = 

7. 1Z2696 19495E-4  G* 

'  762.35714205 7  E*  2134  6 

K*H 

Y  =  49.8337494485  Z  = 

-15 . 3337446074  S*  1  21687006084 
R=-7.07263889517E-4  H6  = 
40.9246653382  H8= 

-37 . 2254 0« 5507  P=  0 
G  =  285.714285714  E=  800  Y<HM>* 
8 . 40016189243  Z<NM  >  = 

1 .20191726606 


F«  210  C6»  21 


K  *  1 

Y <  0 )  •»  4 . 85756986479  Y* 

33 . 3290466042  Z=  16  5760040698 
U6«  50.8791 297792  U0  = 
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762 .357142857  E=  2134  6 

K  =  H 
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r =  200  35? 96023 7 
C 6  =  20  O359960737 


K=  l  X-  0 
V-  33  4309493750 
15  2221831943  1 
*=  2  >'=  46875 

V=  33  9107362632 
13  823264  5798  I 
K=  3  X  =  .9375 
V=  32  5532408557 
12  2948932235  1 
K  =  4  X=  1  40625 

Y  =  2?  72622*45699 
10  5249567935  I 

K=  5  K=  1  875 

Y  =  26  412788883 
9  73305679378  I 

K=  6  X  =  2  34375 

Y  =  23  1322963852 
6  88158324361  I 

K=  7  X  =  2  8125 

Y  =  20  O50362152 
4  90209651275  I 

X  =  8  X=  3  28125 
V=  18  5350524101 
2  87618652765  I 
K=  9  X  =  3.75 

Y  =  18  2465651511 

734194463153  1 
K=  10  X  =  4  21875 
Y=  19  7739056847 
-l  5134186202  l- 
K=  11  X  =  4  6875 
Y -  22  0669660244 
-3  86976006140  I 
K=  12  X  -  5 .  15625 
Y=  26  9425341467 
-6  27781790538  I 
K *  13  X-  5  625 
Y=  32  2537009246 
-8  71040106261  I 
K=  14  X  =  6  09375 
Y=  '37  6954972602 
- 1  1  0692559384  1 
K =  15  X  =  6  5625 

Y  -  4  1  9998399394 
-13  0971226644  I 
K=  16  :■:»  7  03125 
Y=  45  9170565076 
-14  8351902234  I 
K-  17  :<  =  75 

Y-  49  9476548404 
-  1 5 . 9966900475  I 


2  = 

=  48.1 749008607 
2  = 

=  45  4580895621 
Z- 

=41  1638702525 
2  = 

=  36.4201606351 
Z~ 

=  21.5699901733 
2  = 

*  27 . 2096855898 
Z* 

■  24.2191694526 
2  = 

-  22.6625692742 
2  = 

22 .8847732128 
2- 

=  24 . 2766434989 
Z  = 

-  26.9740834291 


■  30.9599218494 
Z* 

=  34  2441653158 
Z= 

=  37  2932371273 
2  - 

=401 364358381 

2* 

*  42  4509350147 
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